Background. Considerable discrepancies between Doppler and catheter gradients caused by localized gradients and pressure recovery have been reported for normal bileaflet aortic valve prostheses.
was found for others, such as St. Jude bileaflet valves and Starr-Edwards caged-ball valves.8 For the bileaflet valve, these discrepancies have been shown to be due to the occurrence of localized high-velocity jets between the two leaflets and to pressure recovery.7 Since Doppler records these localized high velocities, the calculated gradients are significantly greater than catheter gradients measured downstream from the valve.7 The occurrence of this phenomenon is due to the specific flow characteristics of normally functioning bileaflet valves and may be altered by malfunction of the valve with restricted valve opening. However, to our knowledge, the effect of prosthetic valve malfunction on the Doppler-catheter gradient relation has not been evaluated for bileaflet valves.
To address the hypothesis that differences between Doppler and catheter gradients that have been found in normal bileaflet aortic valve prostheses may decrease or even disappear in malfunctioning valves, a bileaflet valve was simultaneously studied with continuous-wave Doppler and catheter technique in normal function and in various states of malfunction ranging from slight restriction to total occlusion of one leaflet. 
Methods

Model
The flow model used in this study has been described previously in detail. 9 It consists of a ventricle, Lucite tubing, a compliance chamber, and a reservoir ( Figure  1 ). The pneumatically driven ventricle (Vienna elliptic heart type, 100 mL) allows adjustment of stroke volume from 0 to 100 mL, ejection pressure from 0 to 300 mm Hg, and pulse rate from 40 to 120 beats per minute. The ejection time can be varied from 100 to 700 msec. The ventricle has been adapted so that the aortic valve can be exchanged easily. The sewing rings were taken off, and valves were mounted between pairs of Lucite plates. The "aortic" section has been designed to allow optimal alignment of the ultrasound beam with the flow across the valve. The inner diameter of the "aorta" is 24 mm. The model was primed with a 70% water-30% glycerol solution with 10 g/L cornstarch and 4 g/L sodium chloride (viscosity, 3.5 (Figure 2 ): A Lucite ring with a stop pin was put between the valve and the "aorta." The stop pin reached into the valve and was adjustable along the valve ring as shown in Figure 2 . In position a (coaptation line), the stop pin did not affect the valve function while it caused total occlusion of one leaflet in position b. Four stop pin positions between a and b that resulted in various degrees of restricted leaflet opening were studied ( Figure 2 
Test Protocol
The valve was studied in normal function and in five different states of malfunction ranging from slightly restricted opening to total occlusion of one leaflet ( Figure 2 PEAK CATHETER GRADIENT (mmlg) FIGURE 3. Correlation between peak Doppler and peak catheter gradients. The different symbols indicate the functional status at which gradients were measured (see Figure 2) . sured, and the mean percent increase in gradient as compared with normal baseline state was calculated for each functional status of the valve.
Statistical Analysis
The Doppler-catheter gradient relation was assessed by linear regression analysis. Pearson correlation coefficients were calculated. The hypothesis about two regression lines was tested with a two-tailed t test.
Results
Correlation Between Doppler Gradients and Catheter Gradients
The correlation both between peak Doppler and peak catheter gradients and between mean Doppler and mean catheter gradients was excellent regardless of the functional status of the valve (r=0.99, SEE=1.0-3.3 mm Hg for peak gradients; r=0.99, SEE=0.6-1.5 mm Hg for mean gradients). However, the relation between Doppler and catheter gradients was highly dependent on the opening angle of the valve as demonstrated by a variation of slopes from 1.08 to 2.08 for the various functional states in which the valve was tested (Table 1 , Figures 3 and 4) .
For the normally opening valve (angle between axis of flow and leaflet 5°), peak and mean Doppler gradients were approximately twice as high as the catheter gradients (slope, 2.08 and 2.03 for peak and mean gradients, respectively). Slight restriction of the opening of one Doppler and catheter gradients across bileaflet valves is the inhomogeneity of the pressure field across the valve orifice. Catheter pullback measurements have shown a considerably lower pressure (i.e., higher pressure gradient) between the two leaflets as compared with the side orifices.7 The occurrence of a discrete high-velocity region between the two leaflets and considerably lower velocities in the side orifices has recently been confirmed with numerical and in vitro methods.20 From the results of the present study, it could be hypothesized that the difference between the maximum velocity and the average velocity across the orifice of bileaflet valves decreases with incremental occlusion. Figure 6 shows examples of color Doppler images and three-dimensional profiles of flow across a normally functioning bileaflet valve, a valve with partial occlusion, and a valve with total occlusion of one leaflet. Although these images were obtained in a steady-flow model at relatively low flow rates, they may support this hypothesis. The normal valve shows high velocities at the entrance of the central orifice that considerably exceed the velocities in the side orifices. Central velocity still rapidly decreases between the two leaflets while velocities in the side orifices slightly increase and reach their maximum distal to the leaflet tips. At this distance, side orifice velocities seem to be even slightly higher than the central velocity. This velocity profile is similar to the one that has been reported previously using particle flow visualization.2' The valve with a partially occluded leaflet still shows a central velocity clearly above average, although the differences between central 
